lacz mice that express a truncated form of ephrin-B3, which is capable of forward but not reverse signaling. In contrast to the midline guidance defects observed in EphB and ephrin-B3 mutant embryos, wild-type-like contralateral projections were observed in mice lacking ephrin-B1 and/or ephrin-B2.
Introduction
Contact-dependent interactions between Eph receptor tyrosine kinases and their membrane-bound ephrin ligands mediate a variety of signaling events in the developing CNS (Palmer and Klein, 2003) . Transmembrane B-class ephrins preferentially bind EphB receptors, whereas A-class ephrins, which are tethered to the cell surface by a glycosylphosphatidylinositol linkage, preferentially bind EphA receptors (Flanagan and Vanderhaeghen, 1998; Himanen et al., 2004) . In addition to classical forward signaling through the Eph receptor-bearing cell, Eph/ephrin binding can also transmit a reverse signal into the ephrin-expressing cell (Cowan and Henkemeyer, 2002; Davy and Soriano, 2005) .
Several studies have implicated roles for Ephs and ephrins in axon guidance and commissure formation at the midline of the vertebrate CNS. In the developing Xenopus (Nakagawa et al., 2000) and mouse (Williams et al., 2003) visual systems, ephrin-B2 functions as a repulsive ligand at the optic chiasm midline that establishes the ipsilateral projection. Similarly, ephrin-B3 acts as a midline repellent in postnatal mice; disruption of ephrin-B3-mediated forward signaling promotes inappropriate midline recrossing of the corticospinal tract (Yokoyama et al., 2001 ) and the aberrant decussation of ipsilateral axons in the spinal cord proper . Mice lacking EphA4, which can bind ephrin-B2/B3 and ephrin-As, phenocopy the corticospinal tract defects in ephrin-B3 knockouts (KOs) (Kullander et al., 2001 ). In addition, ephrin-Binduced reverse signaling is required for anterior commissure formation Cowan et al., 2004) , and both forward and reverse signaling elicted by EphB/ephrin-B interactions regulate corpus callosum development (Mendes et al., 2006) . In the developing mouse spinal cord, commissural axons follow a circumferential trajectory toward and across the floor plate (FP), a ventral midline (VM)-associated intermediate target, which they never recross. Subsequently, many commissural axons turn into the longitudinal plane and then project away from the FP along a diagonal path into the dorsal spinal cord, where they execute a second longitudinal turn (Kadison and Kaprielian, 2004; Nissen et al., 2005) . We have shown that ephrin-B3 is lo-calized to the FP, ephrin-B1 and ephrin-B2 are expressed in the dorsal spinal cord, and EphB proteins are present on segments of commissural axons (Imondi et al., 2000; Imondi and Kaprielian, 2001; Jevince et al., 2006) . We also demonstrated that ephrin-B proteins promote the collapse of commissural growth cones and that decussated commissural axons inappropriately invade dorsal regions of the spinal cord when EphB/ephrin-B interactions are perturbed in vitro. Together, these observations raised the possibility that ephrin-B3 functions as a repulsive barrier at the spinal cord midline and that ephrin-B proteins may constrain the orientation of commissural axons on the contralateral side of the FP.
Here, we use 1,1Ј-dioctadecyl-3,3,3Ј,3Ј-tetramethylindocarbocyanine perchlorate (DiI) labeling to examine the pathfinding of commissural axons in the spinal cords of mice lacking B-class ephrins or EphB receptors. These analyses reveal that ephrin-B-induced forward signaling is required for midline guidance decisions but that EphB/ephrin-B interactions do not appear to be necessary for the proper elaboration of contralateral commissural projections.
Materials and Methods

Mice
EphB Orioli et al., 1996; Williams et al., 2003) and ephrin-B3 (Yokoyama et al., 2001 ) mutant mice were generated/ genotyped as described previously. Ephrin-B1 KO mice were generated using conditional ephrin-B1 mice crossed with PGK-Cre mice and genotyped as described previously (Compagni et al., 2003) . Because ephrin-B2-deficient embryos die in utero around embryonic day 10 (E10) as a result of abnormal cardiovascular development (Adams et al., 1999) , we used a conditional ephrin-B2 allele (Grunwald et al., 2003) and Nestin promoter-driven Cre recombinase to remove ephrin-B2 in the nervous system before E11.5 (Kramer et al., 2006) . Ephrin-B1/2-NesCre doubles were generated by mating ephrin-B1 lx/lx ;ephrin-B2 lx/lx females to NestinCre ϩ ;ephrin-B1 ϩ/Y ;ephrin-B2 lx/lx males. Because ephrin-B1 is X linked, Cre-mediated deletion of the ephrin-B1 allele in the progeny gives rise to hemizygous males (ephrinB1 lx/Y ) and heterozygous females (ephrinB1 lx/ϩ ); therefore, only Cre ϩ male embryos derived from these breedings were considered double mutants. Pregnant dams were killed by exposure to compressed carbon dioxide. Embryos were removed by cesarean section and immersed in PBS (in mM: 150 Na 2 HPO 4 , 20 NaH 2 PO 4 , and 150 NaCl, pH 7.4). Open-book preparations were generated as described previously (Kadison and Kaprielian, 2004) .
Biochemistry
Spinal cords derived from E12-E13 mice were homogenized by micropestle (Eppendorf, Westbury, NY) and solubilized in 50 mM Tris, pH 7.5, 120 mM NaCl, 10% glycerol, and 1% Triton X-100 supplemented with 10 mM NaF, 1 mM vanadate, and Complete protease inhibitors (Roche Applied Science, Indianapolis, IN). Lysates were clarified by centrifugation and subjected to immunoprecipitation and/or SDS-PAGE (nonreducing) and Western blot analysis. Antibodies used in these experiments included goat anti-mouse ephrin-B1 or ephrin-B2 (R & D Systems, Minneapolis, MN), rabbit anti-mouse ephrinB (Bruckner et al., 1997) , and mouse anti-␣-tubulin (Sigma, St. Louis, MO). The immunocomplexes were detected using HRP-conjugated secondary antibodies (Jackson ImmunoResearch, West Grove, PA) and ECL chemistry (Amersham Biosciences, Arlington Heights, IL).
Axon tracing
Crystal and focal application of DiI (Invitrogen, San Diego, CA) were performed in open-book preparations at a position located either halfway between the FP and roof plate or two-thirds of the way from the FP to the roof plate as described previously (Kadison and Kaprielian, 2004) .
Microscopy and imaging
DiI labeling was visualized through epifluorescence optics (Nikon Eclipse TE300; Nikon, Tokyo, Japan) using a Cy3/DiI optical filter (Chroma Technology Corporation, Brattleboro, VT). Black-and-white or color images were captured and processed as described previously (Kadison and Kaprielian, 2004) . Confocal images of select DiI-labeled open-book preparations were acquired on a Fluoview 500 microscope (Olympus, Tokyo, Japan) using a Cy3 optical filter.
Data analysis
Midline/contralateral errors. A 2 approximation was performed to determine the statistical significance of the relationship between the incidences of midline/contralateral errors in mutant embryos and wild-type (WT) embryos; p Ͻ 0.05 was taken to indicate significance (Table 1) . In general, a cohort (defined as the group of labeled axons resulting from a single application of DiI) was scored as exhibiting midline or contralateral errors when it contained at least one axon that did not travel along an intermediate longitudinal commissural ( Frequency of FTC projections. The percentage of embryos displaying FTC axons (see Fig. 2 ) was calculated by dividing the total number of embryos displaying at least one FTC axon by the total number of embryos for a given genotype. Because of the sample size, a Fisher's exact test was performed to determine the statistical significance of the relationship between the incidences of FTC projections observed in mutant and WT embryos; p Ͻ 0.05 or p Ͻ 0.001 was taken to indicate significance (see Fig.  2 
E).
Shape of ILC projections. The distance at which ILC axons executed their second turn into the longitudinal plane was measured from the contralateral margin of the FP by drawing a ruler containing 50 m increments in Photoshop 7.0 (Adobe Systems, San Jose, CA) (see Fig. 3A ) for each cohort. The average distance for a given genotype was then calculated (see Fig. 3F ), and the mixed-effects model was used to determine whether these values varied significantly between genotypes; p Ͻ 0.05 was taken to indicate significance. In all experiments involving mutant mice, at least four embryos of a given genotype were analyzed unless otherwise noted.
Results
Ephrin-B3 and EphB receptors are required for accurate pathfinding at the VM of the embryonic mouse spinal cord In WT animals, spinal commissural axons elaborate at least four different contralateral projections in the embryonic mouse spinal cord (Fig. 1, Schematic) . (1) Decussated ILC axons travel along an arcuate trajectory away from the FP and into the dorsal spinal cord, where they execute a second turn into the longitudinal plane. (2) After crossing the VM, MLC axons execute a single right-angle turn and project for significant distances alongside the FP. (3) Decussated BLC axons split into rostrally and caudally directed projections. (4) FTC axons continue to project in the transverse plane after crossing the FP. When multiple FTC axons decussate, they form a forked-shaped projection (Fig. 1 , Schematic) (Kadison and Kaprielian, 2004) .
We have shown previously that ephrin-B3 mRNA and ephrin-B protein are localized to the FP and EphB receptors are preferentially expressed on decussated segments of commissural axons in the embryonic mouse spinal cord (Imondi et al., 2000; Imondi and Kaprielian, 2001; Jevince et al., 2006) . These expression patterns raised the possibility that interactions between ephrin-B3 and EphB receptors regulate spinal commissural axon guidance in vivo. Accordingly, we performed axon tracing studies to determine whether spinal commissural axons appropriately cross the midline and elaborate WT-like contralateral projections in mice lacking ephrin-B3 or EphB receptors. Specifically, we unilaterally applied focal amounts of DiI to open-book preparations derived from E12.5-E13.5 mouse embryos representing various genotypes (Table 1) . We then scored each cohort (group of axons labeled by an application of DiI) for midline and contralateral guidance errors (see Materials and Methods for details). There was no significant difference between the frequency of contralateral errors observed in the spinal cords of B-class Eph/ephrin mutant and WT embryos (data not shown). In contrast, commissural axon-containing cohorts in EphB2
and ephrin-B3
ϩ/Ϫ mouse embryos exhibited a significantly greater number of midline defects, as compared with their WT counterparts. Representative examples of these errors are illustrated in Figure 1 . The misguided axons projected along aberrantly shaped FTC trajectories, zigzagged, or looped within the VM (Fig.  1 D-G) . EphB triple KOs displayed the highest percentage (15%) (Table 1) of midline errors.
To determine whether the disruption of forward or reverse signaling accounts for the midline phenotype observed in ephrin-B3 Ϫ/Ϫ mice, we assessed axon pathfinding in a mouse that selectively lacks the cytoplasmic domain of ephrin-B3 (ephrin-B3 lacz ) and is thus incapable of reverse signaling (Yokoyama et al., 2001 ). The lack of significant numbers of midline errors in these particular animals indicates that the extracellular and transmembrane domain of ephrin-B3 is sufficient to "rescue" the midline phenotype displayed by ephrin-B3 null mice (Table 1) . Together, these results imply that ephrin-B3 acts as a ligand to stimulate EphB forward signaling during axon pathfinding at the VM of the embryonic mouse spinal cord.
FTC projections were more frequently observed in ephrin-B3 null and EphB mutant mouse embryos compared with WT littermates We reported previously that FTC axons represent a rare population of commissural axons in the WT embryonic mouse spinal cord (Kadison and Kaprielian, 2004 ). In the DiI labeling studies described above, we observed more labeled FTC axons in the spinal cords of EphB/ephrin-B mutant embryos than in WT littermates. For this particular analysis, we scored the number of embryos instead of the number of cohorts displaying FTC projections because our previous studies in WT mice indicated that this would be a more conservative estimate of FTC frequency. Our analyses revealed that a larger proportion of ephrin-B3
embryos displayed FTC projections compared with WT littermates (Fig. 2 E) .
Representative examples of open-book preparations derived from embryos containing labeled FTC axons are shown in Figure 2 . Notably, ephrin-B3 lacz homozygous embryos did not exhibit an increased incidence of FTC axons, further supporting a role for ephrin-B3 functioning as a ligand to stimulate forward signaling in axon guidance at the VM of the spinal cord.
ILC axons follow appropriate contralateral trajectories in ephrin-B mutant mice
We previously showed that decussated segments of ILC axons execute their second turn into the longitudinal plane alongside a dorsal domain of ephrin-B protein visualized through the use of EphB affinity probes (Imondi et al., 2000; Imondi and Kaprielian, 2001) . Complementary in situ hybridization and immunohistochemical analyses indicate that the dorsal ephrin-B domain is likely to reflect the distribution of ephrin-B1 and ephrin-B2, but not ephrin-B3 (Imondi et al., 2000; Jevince et al., 2006) . These observations, together with the results of in vitro perturbation experiments, raised the possibility that ephrin-B1 and ephrin-B2 define a repulsive boundary that constrains the orientation of longitudinally projecting ILC axons (Imondi and Kaprielian, 2001) .
To perform an in vivo test of this hypothesis, we unilaterally applied DiI crystals to open-book preparations derived from E12.5-E13.5 ephrin-B1
WT , ephrin-B1 KO , ephrin-B2-NesCre, ephrin-B1/B2-NesCre, and ephrin-B3 Ϫ/Ϫ embryos. Importantly, a Western blot analysis revealed that both ephrin-B1 and ephrin-B2 (except for residual ephrin-B2, which is likely associated with blood vessels and therefore not targeted by the NesCre strategy) were essentially eliminated from the conditional mutants (supplemental Fig. 1 , available at www. jneurosci.org as supplemental material). The crystal, as opposed to focal, application of DiI resulted in the labeling of large numbers of appropriately shaped ILC axons in openbook preparations derived from embryos of each genotype (Fig. 3) . To quantitatively compare the labeled ILC projections in mutant and WT embryos, we measured the distance from the contralateral margin of the FP to the position at which these axons turned into the longitudinal plane in the dorsal spinal cord (Fig. 3A) . This analysis revealed no significant difference between these average distances in mutant and WT embryos (Fig. 3F ) ( p ϭ 0.93) , suggesting that B-class ephrins are not likely to function as a repulsive barrier that constrains the orientation of ILC axons.
Discussion
In the developing vertebrate CNS, EphB receptors and ephrin-B ligands are required for the proper guidance of several classes of midline-crossing axons (see Introduction). Despite their compelling expression patterns (Imondi et al., 2000; Jevince et al., 2006) , an in vivo role for EphB and ephrin-B proteins in the guidance of spinal commissural axons has not been established. We show here that B-class ephrins are not required to constrain the growth of decussated ILC axons. In contrast, however, in the spinal cords of mice lacking particular B-class Eph receptors or ephrin-B3, a significant number of axons follow aberrant trajectories in the immediate vicinity of the VM. This includes a substantial increase in FTC axons, which extend in the transverse plane after crossing the FP and represent a relatively rare commissural subtype in WT mice. Collectively, these midline-associated phenotypes are conspicuously absent in a mouse expressing a truncated form of ephrin-B3 (ephrin-B3 lacz ) that is capable of forward but not reverse signaling. Together, these data suggest that, in the embryonic mouse spinal cord, B-class ephrins do not appear to have a significant role in shaping contralateral commissural projections, but ephrin-B3-mediated forward signaling is required for the proper guidance of axons at the VM. WT (control) embryos. Similarly shaped contralateral commissural projections are present in each preparation. All micrographs represent single-plane images captured with a conventional fluorescent microscope, except E. The image in E represents a Z-stack captured with a confocal microscope. The distance from the contralateral margin of the FP to the position at which ILC axons executed their second longitudinal turn was measured using the ruler depicted in A. F, There was no significant difference between these average distances in mutants and control embryos. FP indicates the location of the FP, and each increment on the ruler in A is 50 m.
B-class ephrins do not appear to regulate commissural axon pathfinding on the contralateral side of the FP On the contralateral side of the FP, EphB receptor-bearing ILC axons navigate between two ephrin-B domains: a stripe of ephrin-B3 at the FP and a broad region of ephrin-B1/2 expression in the dorsal spinal cord (Imondi and Kaprielian, 2001) . Because ILC axons execute their second turn into the longitudinal plane alongside the dorsal ephrin-B domain, we proposed previously that ephrin-B proteins compose a repulsive boundary in the dorsal spinal cord that constrains the growth of longitudinally projecting ILC axons. The ability of B-class ephrins to collapse commissural growth cones (Imondi et al., 2000) and the observation that decussated commissural axons overshoot the dorsal ephrin-B boundary when EphB/ephrin-B interactions are perturbed in vitro (Imondi and Kaprielian, 2001 ) support this hypothesis. Inconsistent with this model, we show here that EphB/ephrin-B mutant embryos display WT-like contralateral commissural projections and that decussated ILC axons are properly positioned along the dorsoventral axis of the spinal cord. These findings raise the possibility that ephrin-As, which are also expressed in a dorsal domain of the embryonic mouse spinal cord (Yue et al., 1999) , or other contact-dependent repulsive cues constrain the growth of decussated ILC axons. Notably, however, preliminary analyses reveal the presence of WT-like contralateral commissural projections in ephrin-A2/A5 double mutant embryos (data not shown).
EphB receptors and ephrin-B3 regulate midline guidance decisions in the embryonic mouse spinal cord
We previously used ligand and receptor affinity probes to demonstrate that EphB receptors and ephrin-B ligands are reciprocally expressed on postcrossing segments of commissural axons and FP cells (Imondi et al., 2000; Imondi and Kaprielian, 2001) . Given that endogenous receptor-ligand interactions could potentially mask affinity probe binding sites, we recently used a battery of antibodies specific for EphB or ephrin-B proteins to verify these expression patterns. The results of these immunohistochemical analyses are generally consistent with EphB1, EphB2, and EphB3 being preferentially expressed on decussated segments of commissural axons (Jevince et al., 2006) . However, in contrast to affinity probe binding, these analyses show that EphB1-3 are each expressed on the ventral commissure, which is composed of axons in the act of crossing the FP (Jevince et al., 2006) . A plausible explanation for this apparent discrepancy is that EphB receptors residing on decussating commissural axons may engage FPassociated ephrin-B proteins, rendering them inaccessible to ligand affinity probes. Consistent with previous in situ hybridization studies (Imondi et al., 2000) , antibody labeling also indicates that ephrin-B3 is likely to be the predominant ephrin-B expressed by FP cells.
We show here that mice lacking EphB receptors or ephrin-B3 exhibit a variety of midline guidance defects, including looping or zigzagging within the FP. This behavior is consistent with the absence of an inhibitory midline barrier, presumably ephrin-B3 (in the case of ephrin-B3 homozygotes), or the inability of commissural axons to respond to midline-associated ephrin-B3 (in EphB-lacking mice). The increased number of FTC axons in the mutant embryos would also be consistent with ephrin-B3 functioning as a midline repellent in WT embryos that normally exclude EphB receptor-expressing ipsilateral axons from the VM. Of direct relevance to these latter interpretations, ephrin-B ligands have been localized to the VM at several anteroposterior levels of the CNS, where they function as repulsive barriers for EphB receptor-bearing axons Nakagawa et al., 2000; Kullander et al., 2001 Kullander et al., , 2003 Yokoyama et al., 2001; Williams et al., 2003; Cowan et al., 2004; Mendes et al., 2006) . Furthermore, the loss of ephrin-B3 at the midline of the postnatal mouse spinal cord results in an increased number of decussated EphA4-expressing axons, which normally remain on the ipsilateral side of the FP in WT animals .
Ephin-B3-mediated forward signaling is required for axon guidance at the midline of the embryonic spinal cord It is now well established that B-class ephrins can function as ligands or receptors and thereby mediate forward or reverse signaling, respectively (Cowan and Henkemeyer, 2002) . To determine whether the midline phenotypes observed in ephrin-B3 null embryos result from the disruption of forward or reverse signaling, we analyzed a mutant mouse that lacks the cytoplasmic domain of ephrin-B3, which disables ephrin-B3-mediated reverse signaling (Yokoyama et al., 2001) . Expression of truncated ephrin-B3 rescued the midline phenotype, suggesting that ephrin-B3-mediated forward but not reverse signaling is likely to be responsible for the observed VM-associated defects. It is interesting to note in this regard that ephrin-B3-mediated forward signaling is also required to prevent the recrossing of corticospinal axons (Yokoyama et al., 2001 ) and the inappropriate decussation of ipsilateral axons in the spinal cord proper .
